We present a systematic first-principles study of the equilibrium bond lengths, harmonic frequencies, dissociation energies, ground state symmetries, and spin state splittings of 22 diatomic molecules comprised of a first-row 3d transition-metal and a main-group element ͑H, C, N, O, or F͒. Diatomic molecules are building blocks of the key molecular bonding motifs in biological and inorganic catalytic systems, but, at the same time, their small size permits a thorough study by even the most computationally expensive quantum chemistry approaches. The results of several density-functional theory ͑DFT͒ approaches including hybrid, generalized-gradient, and generalized-gradient augmented with Hubbard U exchange-correlation functionals are presented. We compare these efficiently calculated DFT results with the highly accurate but computationally expensive post-Hartree-Fock approaches multireference configuration interaction ͑MRCI͒ and coupled cluster ͓CCSD͑T͔͒ as well as experimental values, where available. We show that by employing a Hubbard U approach, we systematically reduce average errors in state splittings and dissociation energies by a factor of 3. We are also able to reassign the ground state of four molecules improperly identified by hybrid or generalized-gradient approaches and provide correct assignment of all ground state symmetries as compared against experimental assignment and MRCI reference. By providing accuracy comparable to more expensive quantum chemistry approaches with the robust scaling of the generalized-gradient approximation, our DFT+ U approach permits the study of very large scale systems with vastly improved results.
I. INTRODUCTION
Diatomic molecules comprised of a single transitionmetal atom and an organic ligand atom represent the simplest building block of much larger, catalytically relevant transition-metal complexes. The highly unsaturated character of diatomic molecules makes them challenging to study with electronic structure approaches. The most expensive techniques may be used to study these molecules, up to and including full configuration interaction, but the sheer number of possible states that are close in energy in the case of an open-shell diatomic molecule can make it difficult to ascertain the ground state spin or symmetry. 1 Of the 22 molecules we consider in this work, several molecules have proven challenging to characterize consistently using both theoretical and experimental approaches, including prototypical hydride FeH 2,3 and the oxides VO 4, 5 and NiO. 6, 7 Close study of diatomic molecules can reveal information about related reactive intermediates, as is in the case of high-valent, highspin metal-oxo species which are active in both the methane to methanol conversion 8 and in halogenation at an enzyme active site. 9 We consider here the challenging but relevant cases of transition-metal hydrides, carbides, nitrides, oxides, and fluorides. Expansive studies of transition-metal diatomic molecules have been completed in recent years with a variety of hybrid functionals and functionals that improve upon the generalized-gradient approximation ͑GGA͒ with inclusion of higher order terms ͑meta-GGAs͒. [10] [11] [12] [13] [14] The hybrid metaGGAs in particular [12] [13] [14] [15] have successfully described properties of the ground states and, in some cases, excited states of small molecules on which they have been tested. Nevertheless, this is the first completed study of exchange-correlation functionals augmented with a "+U" term ͑referred to here as DFT+ U͒ on a broad class of transition-metal containing molecules. The DFT+ U method includes an approximation that corrects a standard exchange-correlation functional to reduce self-interaction error. It is based on a Hubbard model approach 16, 17 for treating strongly correlated systems and has, thus, been widely used in the solid state physics community. 18 We recently showed, however, that the same approach may be applied to relevant molecular catalytic complexes ranging from small molecules 1, 8 to models of metalloenzymes. 9 A simplified, rotationally invariant DFT+ U approach 1, 19 adds a Hubbard term that is included in each self-consistent iteration of a DFT calculation and follows the form
where n I is the occupation matrix of the relevant localized manifold ͑e.g., 3d electrons͒ at site I with spin . This functional form, which is tied to the exact correction needed for simple exchange-correlation functionals in the limit of an atomic system, 19, 20 penalizes fractional occupations and approaches zero as n approaches 0 or 1.
Occupations of localized atomic levels in a molecule that enter into our E U expression may typically be determined from ͑1͒ projections onto orbitals ͑e.g., atomic orbitals and Wannier functions͒, ͑2͒ population analysis methods, or ͑3͒ integration of the angular-momentum-decomposed charge density within a certain distance of the atom. 19 Generally, all of these forms lead to the same expression for the occupation matrix elements,
where ⌿ kv is the valence electronic wavefunction corresponding to a given molecular state with spin and f kv is the occupation of the molecular level. The P mm Ј I are generalized projection operators that satisfy a number of rules 19 including that orthogonality of projectors for a single site is maintained. In this work, we project onto the atomic orbitals that are derived during pseudopotential generation with projectors of the form
where ͉ m I ͘ is a valence atomic orbital with angular momentum ͉lm͘ ͑choice of the localized manifold determines l͒. Projections onto atomic orbitals are particularly useful because they are general and permit comparison across many different coordination environments and structures. However, other formulations in which localized molecular orbitals ͑e.g., Wannier functions͒ are used as the basis for the projections may be useful when only a small variation in coordination environment is considered.
In molecules, this "+U" augmentation of the functional improves upon the overhybridization that occurs in bonds as a result of the self-interaction error present in most functionals. As an added benefit, it has been shown 19 that the U variable in the E U functional may be calculated directly from linear-response
where IJ is the linear-response function obtained from applying an arbitrary shift ␣ to the potential on the site J that results in a reorganization of the occupations, n on site I. A similar expression may be obtained for the noninteracting case, as a linear shift in the potential can still result in a rehybridization that must be removed from our overall expression to determine U. The value of Hubbard U for a system is then obtained as
where is simply a number if we are only interested in a single manifold and site or it is a matrix in the case of multiple sites or manifolds. Overall, since U is directly calculated as a system-dependent property and not treated as a parameter, it provides an improvement over other functional forms that rely on fitting multiple parameters to achieve the best results. In the following, we highlight the utility of this DFT+ U approach on different classes of small molecules.
II. METHODS
Plane-wave density-functional calculations were completed with the QUANTUM ESPRESSO package 21 using the Perdew-Burke-Ernzerhof 22 GGA. We also augmented this standard GGA functional with a self-consistent, linearresponse, Hubbard U term, as previously outlined. 1, 19 Ultrasoft pseudopotentials were used with a plane-wave cutoff of 30 Ry for the wavefunction and 300 Ry for the charge density to ensure basis-set-dependent convergence of forces and spin state splittings. 23 Previous works have demonstrated that ultrasoft pseudopotentials perform well when compared against all-electron results for both first-row elements 24 and transition-metals 25 including the challenging cases of Fe, Co, and Ni. We have also recently shown that some properties are sensitive to the charge state in which the pseudopotential was generated, but that any variation between results from different pseudopotentials is actually decreased with inclusion of a Hubbard term. 8 The harmonic frequencies were obtained from a linear fit to the first derivative of the energy at equilibrium.
Post-Hartree-Fock ͑HF͒ approaches were employed to provide an accurate but computationally expensive reference for the density-functional calculations. Both single-reference and multireference methods were employed using different codes, but the same Pople-style 6-311+ +G͑3df, 3pd͒ basis set was used for all post-HF calculations to ensure consistency. The single-reference method, coupled cluster with singles, doubles, and perturbative triples ͓CCSD͑T͔͒, was carried out as implemented in GAUSSIAN, 26 and the T1 diagnostic was used as a tool to identify structures with potentially strong multireference character or instability in the triples term. 27 All multireference configuration interaction ͑MRCI͒ calculations were carried out using MOLPRO. 28 For this work we primarily compare against experimental values and provide the single-reference and multireference results to provide both a comparison of the agreement between experiment and expensive but, in some cases, more accurate post-HF approaches. The post-HF approaches also can be used to determine whether discrepancies between densityfunctional theory results and experiment are due to differences in the states identified computationally and experimentally. For a more detailed consideration of the multireference character of transition-metal complexes and how that influences DFT+ U results, see the supporting information provided along with Ref. 8 . Hybrid density-functional calculations ͑B3LYP͒ were also employed using GAUSSIAN as a comparison to the plane-wave DFT results.
III. RESULTS
In order to examine bonding motifs we expect to be the building blocks of catalytic mechanisms, we consider primarily the bonds transition-metals form with first-row atom ligands. The hydrides are useful for understanding the role that 4s electrons play in transition-metals, as the majority of bonding in these systems occurs via M 4s-H 1s interactions.
These systems also require the introduction of a Hubbard U term on the 4s manifold, termed U 4s , which we discuss in detail. Transition-metal oxides are most representative of key covalent bonds in reaction intermediates: that is, high-spin metal-oxo bonds participate in a number of key catalytic cycles. Transition-metal carbides and nitrides have been studied much less extensively than the oxides. Finally, we contrast the carbide, nitride, oxide, and hydride cases with the ionic transition-metal fluorides. The ionic nature of the fluorides diminishes the role and necessity of a U term, since integer electron donation rather than fractional electron sharing predominates in ionic bonds. Lastly, the size and relative simplicity of diatomic molecules make them particularly ideal to study nuances of the GGA+ U method. The differences in isoelectronic compounds and numerical stability of the GGA+ U method are considered.
A. Transition-metal hydrides: The role of U 4s
The electronic structure of transition-metal hydrides helps to highlight the broader applicability of a DFT+ U approach to other valence manifolds aside from 3d states. The dominant mode of bonding in the metal hydrides ͑M and H, respectively͒ is M͑4s͒-H͑1s͒ -bonding interactions. The electron density from the 3d manifold plays a more indirect role in bonding through limited M͑3d z 2͒-H͑1s͒ -bonding interactions as well as the significant 4s-3d z 2 hybridization present in 4s orbitals. All other 3d density is highly localized on the metal, and the corresponding states closely resemble the isolated atomic density. It follows, therefore, that the U 3d of all of these systems is quite low, ranging from zero to less than 3 eV. In turn, a U 4s should ensure accurate structural and energetic descriptions of the electronic states in question. We consider several prototypical cases: early͑CaH, ScH͒, mid-͑CrH, MnH, FeH͒, and late-͑CuH, ZnH͒ transition-metals in order to illustrate key trends in the hydrides.
Commensurate with observations of low levels of -bonding from 3d-1s hybridization and nearly empty or, conversely, nearly filled 3d levels, the early and late transition-metal hydrides share in common low values of U 3d ͑between 0 and 1.5 eV͒. The overall trends for the value of U 3d show a maximum at the midrow transition-metal hydrides, compared to the empty or filled 3d transition-metal hydrides ͑see Fig. 1͒ . The value of U 3d is most critical for the half-filled hydrides; thus, it is important to note that the linear-response approach we use to assign values of U is key here both for selecting the appropriate projection manifolds and determining whether a Hubbard U term is necessary for descriptions in bonding. The values of the U 4s exhibit a trend similar to that of the U 3d values. The lowest U 4s , Ϸ0.6-0.7 eV, is observed at the extrema: CaH and ZnH. Moving toward the center of the periodic table, values of U 4s increase from 1.0 ͑CuH͒ to over 2.0 eV ͑ScH, CrH, MnH͒, in several cases exceeding the value of U 3d for that system. Overall, the values of linear-response U on the 3d and 4s manifolds confirm the intuitive chemical picture that 4s bonding interactions are important, particularly in the mid-row cases where there is a competition between 4s-and 3d-derived orbital occupation. Here, GGA+ U may prove key in describing the splitting of the lowest electronic states of the approximately half-filled 3d manifold cases, CrH, MnH, and FeH, which can be very sensitive to the method employed. 2, 3, 13, [29] [30] [31] [32] The lowest-lying electronic state for the early and late transition-metal hydrides is well separated energetically and so most methods, including GGA, can correctly characterize these states. The structural properties, including equilibrium bond length, frequency, and dissociation energy, are calculated for the first-row, transition-metal hydrides ͑Table I͒. In addition to the ground state, these properties were also calculated in cases where a second spin's lowest electronic state resided within 2 eV of the ground state. For each electronic state, the structural and vibrational properties were calculated at the GGA and GGA+ U levels of theory and compared against available experimental values, where available ͑many of which are summarized in Ref. 40͒ . In addition to the standard approach of applying only a U 3d , the combined effect of the linear-response U 3d and U 4s were considered ͑referred to hereafter as GGA+ U 3d/4s ͒.
For the hydrides with nearly empty 3d occupations, CaH, and nearly fully, ZnH, the small values of linearresponse U correspond to minimal changes in structural and energetic properties when comparing GGA and GGA+ U approaches. In the case of X 2 ⌺ + CaH, there are only three valence electrons, which result in a bond between Ca͑4s͒ and H͑1s͒ and a nonbonding 4s orbital on Ca. 41 In the case of the X 2 ⌺ + ZnH, the bonding also is dominated by 4s interactions with a closed 3d 10 manifold and a 2 ‫1,ء‬ bonding scheme.
The calculated equilibrium bond lengths for these two cases are lengthened by under 0.01 Å upon addition of either a U 3d or U 3d/4s term. The harmonic frequencies of these extrema also vary by less than 50 cm −1 with addition of the U term, and the reduction in frequency is not necessarily a significant improvement over GGA. Dissociation energies for these states also varies by only 0.10 eV with a U 3d/4s In particular, the dissociation energy is improved, reducing an overestimate by GGA of over 0.5 eV to very good agreement within 0.02 eV. The equilibrium bond length is overelongated, but it still provides an improved agreement with experiment over GGA. The equilibrium frequency for GGA+ U 3d/4s agrees very well with CCSD͑T͒ and MRCI, which also predict a harmonic frequency roughly 50 cm
larger than that obtained experimentally. While experimental structural properties are not available for the a 3 ⌬ case, the GGA+ U bond length, harmonic frequency, and dissociation energy are all in improved agreement with available CCSD͑T͒ and MRCI calculations over GGA.
We next consider the most challenging cases, the midrow transition-metal hydrides, CrH, MnH, and FeH. For most of the midrow hydrides, the splitting of the two lowest spin states is quite small because they correspond to ferromagnetic and antiferromagnetic coupling of the hydrogen 1s spin with the lowest energy spin and configuration of the isolated transition-metal atom. Manganese hydride is an excellent example; the hydrogen 1s density can couple to the Mn atom density to produce either a high-spin septet state, 7 ⌺ + , or, alternatively, a low-spin 5 ⌺ + state. Both early and more recent density-functional calculations have shown a preference for the low-spin 5 ⌺ + state; 13, 29 however, the experimental ground state of MnH has been determined to be 7 ⌺ + . 37, 45, 46 An isolated Mn atom has a 6 S 5/2 ground state corresponding to 3d 5 4s 2 valence occupation. The major electronic difference between the two molecular states is that 1s density in the high-spin state, 7 ⌺ + , populates exclusively spin up 4s-derived orbitals, including bonding ͑ 4s ͒ and antibonding ͑ 4s ‫ء‬ ͒. The quintet preferentially occupies exclusively bonding 4s molecular orbitals in both the up and down spin channels ͑see Fig. 2͒ . Traditional views of molecular bonding would predict the 5 ⌺ + state to be lower in energy, since formally bonding orbitals are commonly occupied before the associated antibonding orbitals. However, there are several physical explanations for why the 7 ⌺ + state is in fact the ground state. The difference in bond lengths, ⌬r e , from the quintet to the septet is only 0.12 Å ͑from 1.62 to 1.73 Å for GGA+ U 3d/4s ͒. While we expect the bond order to be reduced nominally by one in going from 5 ⌺ + to 7 ⌺ + , the 4s ‫ء‬ state is only weakly antibonding and possesses between nonbonding and antibonding character, a feature previously observed in photoelectron spectra. 47 It follows, also, that the placement of 4s ‫ء‬ density on the Mn site minimizes overlap with the other 3d states almost as much as the 4s orbital does via 4s-1s hybridization, but in this case it achieves it by occupying a diffuse orbital away from the molecular bond ͑see Fig. 2͒ . Finally, the presence of H 1s density in the minority spin channel for 5 ⌺ + induces charge transfer from Mn 3d states into the spin down 3d orbital where the density had been weak in the case of the septet. This reduces the net magnetic moment of the 3d states further, increasing the overall energetic cost of forming the 5 ⌺ + state with respect to 7 ⌺ + . A GGA description finds the 5 ⌺ + and 7 ⌺ + states to be nearly degenerate. The B3LYP hybrid functional does worse than GGA by stabilizing the wrong state, 5 ⌺ + by 0.12 eV with respect to the correct septet ground state. However, upon inclusion of a U 3d/4s term to GGA, we recover a splitting of 0.21 eV, in excellent agreement with both CCSD͑T͒ and experiment. 37 The structural properties, on the other hand, change relatively little with the 5 ⌺ + and 7 ⌺ + states exhibiting similar bond elongation ͑0.01-0.03 Å͒ for GGA + U 3d/4s over GGA and a reduction in harmonic frequency by about 20-40 cm −1 . Lastly, the most significant change, resulting from the difference in relative energy at the minima between GGA and GGA+ U, the septet and quintet dissociation energies decrease from 1.75 to 1.38 eV and from 1.84 to 1.69 eV, respectively. While the combined GGA+ U 3d/4s approach modulates structural properties in these hydrides only very weakly, the relative spin state ordering and proper ground state is only determined with a U term on both 3d and 4s states.
Iron hydride ͑FeH͒ presents another challenging case for theoretical approaches, and a relatively large amount is known experimentally about its low-lying electronic states. 37, [48] [49] [50] The ground state is experimentally known to be X 4 ⌬ with a 3d 7 derived valence configuration of 2 2 ␦ 3 and a 4s derived configuration that doubly occupies a bonding orbital. 37 The valence configuration of the excited a 6 ⌬ state consists instead of 3d 6 ployed to achieve a quartet-sextet splitting consistent with experiment. 3, 30 5 S, which is excited by nearly 1 eV with respect the ground state. 31 As a result, GGA structural and energetic descriptions are in improved agreement with experiment over the other midrow TM hydrides. The GGA bond length for the sextet ground state is within 0.006 Å of experiment, but the GGA+ U 3d/4s result overelongates the bond slightly. Nevertheless, the slight overestimate of D e by GGA is improved upon with GGA+ U 3d/4s for this state, and GGA+ U 3d/4s also improves the structural description of the quartet. The 6 ⌺ + → 4 ⌺ + splitting is slightly underestimated by B3LYP and overestimated by GGA with respect to experiment and CCSD͑T͒ ͑Table II͒. The GGA result is qualitatively correct, but GGA+ U 3d/4s achieves quantitative agreement, yielding a splitting within 0.01 eV of experiment.
Theoretical splittings of the transition-metal hydrides are compared to experimental results, where available, in Table  II . All methods perform well for the singlet-triplet splitting in CuH, which has a full 3d 10 manifold in both states. The partially occupied cases, CrH, MnH, and FeH, are more challenging. The hybrid functional, B3LYP, fails to correctly assign the ground state of MnH and produces errors around 0.2 eV for FeH and CrH. The largest errors exhibited by GGA are in the inversion of the singlet and triplet state ordering in ScH and in the near-degeneracy predicted for MnH. Overall, a GGA+ U approach with a U 4s as well as a U 3d vastly improves the prediction of state ordering and splitting-from errors as large as 0.20 eV for GGA to errors on average around 0.01 eV for GGA+ U. Structural properties are also improved overall with GGA+ U 3d/4s ͑Table I͒. GGA errors, primarily marked by overestimates in the harmonic frequency and dissociation energy and underestimates of bond lengths are reduced by GGA+ U in most cases.
B. Transition-metal carbides and nitrides
The transition-metal carbides and transition-metal nitrides are covalent species that are relatively poorly studied compared to the other molecules considered in this work. Carbides and nitrides are also quite challenging to study because of the open-shell, closely spaced levels of the isolated carbon and nitrogen atoms. We consider three cases, FeC, CoC, and CrN as examples of this class of diatomic molecules and first provide the calculated values of Hubbard U in Table III .
The low-lying states of iron carbide have been wellcharacterized both experimentally [51] [52] [53] 58 and computationally. 56 Overall, GGA+ U does not significantly improve the structural descriptions of the few examples provided here ͑FeC, CoC, and CrN͒ over GGA. The small number of molecules considered as well as the limited experimental data can inflate the apparent average errors ͑see Table XIV͒. Potential sources of errors in GGA+ U descriptions may be a result of the fact that here the 2p manifold of carbon or nitrogen is distinctly partially filled. The interplay between the occupation of the 2p states and 3d on the metal could be treated through inclusion of a U term on the 2p states, perhaps in the formalism of the recently introduced LDA+ U + V approach. 63 Additionally, these molecules may belong to a class of systems in which the linear-response U depends strongly on internuclear separation. Ongoing work also incorporates such variations in order to combat the tendency of standard GGA+ U to overelongate some bonds.
C. Transition-metal oxides
We consider the low-lying states of eight transitionmetal oxides spanning from CaO to ZnO. The oxides are fundamental because high-valent, high-spin M-O species play a key role in many reactions ͑e.g., the additionelimination formation of methanol from methane 1, 8 and alkane halogenation in the active site of SyrB2͒. 9, 73 Additionally, the transition-metal oxides often have closely spaced levels of differing spin and symmetry that challenge the predictive abilities of many computational approaches. The short metal-oxo bonds in these molecules are characterized by covalent interactions between M͑3d͒ and O͑2p͒ electrons to form and molecular orbitals. The GGA+ U approach can play a distinct role in tuning the molecular bonds of the low-lying states of early-͑CaO, TiO, VO͒, mid-͑MnO, FeO͒, and late-͑CoO, NiO, ZnO͒ transition-metal oxides. The values of the linear-response U 0 and the self-consistent form, U scf , for all of the relevant transition-metal oxides have been calculated ͑see Table VI͒. For the 3d 0 configuration of CaO, a zero U 0 on the 3d manifold is obtained. In this case, we obtain a small U on the 4s 1 states which do participate in bonding. 64 Similarly, the 3d 10 ZnO molecule exhibits no measurable U on the 3d states. Intermediate transition-metal oxides exhibit values of U between 3 and 5.5 eV with the highest values of U being for the early-to midrow oxides TiO ͑5.6 eV͒ and VO ͑4.6 eV͒. 4 ⌸, which is roughly estimated from photoelectron spectroscopy, 66 is much higher when calculated in all methods than in experiment. Since agreement between GGA+ U and both CCSD͑T͒ and MRCI is excellent for this state, it is likely that the experimental value should be refined. The sextet-quartet splitting is 1.08 eV experimentally, and both B3LYP ͑1.22 eV͒ and GGA ͑1.49 eV͒ produce slight overestimates. Inclusion of a Hubbard term improves the agreement of the 6 ⌺ + → 4 ⌸ splitting to within 0.04 eV, and GGA+ U overall provides the best structural and energetic description. The ground state and low-lying excited states of FeO have been studied extensively, and, in 1977, the ground state of FeO was reassigned from 5 ⌺ + to 5 ⌬. 82 Twenty years later, the lowest-lying septet state was determined to be 7 ⌺ + by anion photoelectron spectroscopy. 68, 83 Other experiments have been carried out that yielded information about lowlying triplet states that are within 1 eV of the quintet ground state. 84 The 87 These same theoretical results suggest that a 6 ⌬ state is the next lowest state of an excited spin with a configuration that differs by unoccupying a minority spin ͑4s͒ orbital and instead occupying a majority spin ͑4s͒ ‫ء‬ orbital. The quartet-sextet splitting has not been measured experimentally, but all methodologies employed in this work predict a splitting within 0.1 eV of 0.8 eV ͑Table VII͒. Nevertheless, GGA and B3LYP both significantly overbind the structure of X 4 ⌬ CoO, while GGA+ U achieves very good agreement for the bond length ͑1.634 Å͒ within 0.005 Å of experiment and good agreement of the harmonic frequency and dissociation energies, within 50 cm −1 and 0.06 eV, respectively ͑Table IX͒. Structural properties for the 6 ⌺ + state are not available but agreement is achieved here between GGA+ U and MRCI. The ground state of NiO, 3 ⌺ − , has been studied experimentally, 88 and the lowest singlet state is believed to be 1 ⌸ at 1.26 eV above the triplet state 7 despite other studies which have suggested that the lowest singlet is instead 1 ⌬ only 0.98 eV above. 6 Ramond et al. 7 instead suggested that the state which had been assigned as 1 ‫ء‬ . Both B3LYP and GGA underestimate the tripletsinglet splitting by 0.8 and 0.4 eV, respectively, while addition of a "+U" term improves agreement. Structural properties for the GGA+ U 3 ⌺ − are in good agreement: the harmonic frequency and dissociation energy are within 3 cm −1 and 0.16 eV of experiment, respectively. While the bond lengths from both GGA ͑1.641 Å͒ and GGA+ U ͑1.653 Å͒ are overestimates with respect to experiment, they are both in good agreement with the CCSD͑T͒ result. In the case of the excited 1 ⌸ state, only the bond length has been experimentally determined, but GGA+ U also provides good agreement with this known value. Despite the fact that CoO and NiO have both historically been challenging to characterize, GGA+ U describes the low-lying states of both of these molecules accurately.
Structural properties were calculated for the early transition-metal oxides ͑CaO, TiO, VO, and MnO͒ ͑Table IX͒ and the late transition-metal oxides ͑FeO, CoO, NiO, and ZnO͒ ͑Table IX͒. For the oxides, the largest difference between GGA and GGA+ U is immediately observed to be the dissociation energies. Using a GGA approach, the minima of the potential energy curves of transition-metal oxides are overstabilized. The 3d electrons are strongly delocalized in the and molecular bonds compared to the isolated atomic 3d states, and this makes the GGA energy at the minimum artificially lower than it should be. In turn, this error manifests itself most typically in overestimates of dissociation energies by as much as 1 eV. By comparison, effects on the equilibrium bond length are much more subtle. The largest differences between GGA and GGA+ U equilibrium bond lengths are around 0.03 Å, with most being around 0.01-0.02 Å. In most cases, the GGA number is a slight underestimate of the experimental or CCSD͑T͒/MRCI bond lengths, but the GGA+ U value in several cases may be an overestimate. This overelongation is due to some inherent penalty on all bonding interactions, but this effect is system- atic and thus may be anticipated when interpreting results. The experimental fundamental frequencies can only approximately be compared to the harmonic frequencies, e , we calculated. However, GGA in general overestimates the e of most of the molecules while the value from GGA+ U is a slight underestimate for the same reasons the bond is slightly overelongated. In all cases, the GGA+ U energetic splittings are in excellent agreement with experiment, especially compared to the other exchange-correlation functionals.
D. Trends from isoelectronic 6 ⌺ + states
In order to isolate the effects of electron affinity, metalligand hybridization, and net molecular charge on the role that GGA+ U plays, we consider an isoelectronic series of molecules which have the same spin and symmetry associated with the 6 ⌺ + term symbol. We have studied five molecules including two charged species, FeO + and CrO − , two highly covalent molecules, FeN and MnO, and the ionic CrF. Calculations of the Hubbard U for each of these species shows that the charged, covalent FeO + exhibits a larger U scf of 5.5 eV compared to its closest neutral comparison, FeN at 4.38 eV ͑Table X͒. By comparison, when the increase in charge facilitates an increase in relative ionicity, as in CrO − , the U scf , in this case 2.85 eV, decreases with respect to the closest neutral comparison, MnO at 3.41 eV but is still larger than the neutral ionic CrF at 2.04 eV. Overall, these results confirm that more covalent species exhibit much higher values of U than their ionic counterparts. The results are also manifested by the equilibrium bond lengths and harmonic frequencies of the species. For FeN, FeO + , and MnO, the equilibrium bond lengths are all around 1.65 Å and the harmonic frequencies reside around 780-850 cm −1 . The more ionic CrO − and CrF, on the other hand, exhibit longer bond lengths around 1.8 Å and lower harmonic frequencies around 600 cm −1 . The effect of a U scf term is greatest on the more covalent group of 6 ⌺ + states although the overall effects on bond length and frequency are modest. The greatest difference with inclusion of a U scf term is the dissociation energy, which decreases by as much as 1.5 eV in the case of 6 ⌺ + MnO. More clues to the differences between these isoelectronic states lie in the differences between the corresponding fractional eigenvalues for each state in the occupation matrix ͑see Table X͒. All states have roughly integer occupations corresponding to spin up manifold 2 ␦
2 , but the relative occupations of a partially occupied spin up and spin down and 2 vary widely among the isoelectronic series. The more covalent FeN, FeO + , and MnO exhibit large spin up occupations corresponding to the filling of both and ‫ء‬ orbitals. The U scf increases the total occupation of spin up further, while the spin-down bonding occupations decrease. These changes are concomitant with the small increase in bond length and more significant decreases in dissociation energy observed for these molecules. The occupations amount to about 0.5e − in each orbital, roughly the contribution of an atomic 3d orbital to a bonding molecular orbital. The more ionic CrF and CrO − , on the other hand, exhibit much lower occupations in the aforementioned orbitals due to enhanced charge transfer into the ligand. The spin up occupation is reduced to about half and the 3d density which was in ‫ء‬ orbitals is instead transferred to the F or O ligands. The other molecular orbitals in the minority spin are similarly reduced from the covalent counterparts. Note that the U only modestly alters the values of the occupations from their GGA values by enhancing majority spin antibonding orbitals and slightly decreasing the occupation of minority spin bonding states. These results also demonstrate that the occupation matrix can be a valuable tool for predicting the role and anticipated magnitude of a U term prior to a linear-response calculation. The ability to tie chemical intuition to values of U is key, particularly in cases where numerical errors from small linear-response values can make it difficult to determine the appropriate value of U for the system ͑see Appendix͒.
E. Transition-metal fluorides: The Hubbard U in partially ionic systems
Several transition-metal fluorides ranging from the early transition-metals with low 3d occupation ͑ScF͒ to midrow ͑CrF, FeF͒ and late transition-metals ͑CuF͒ are presented here. The fluorides are unique because the molecular bond is predominantly ionic. In our approach, the Hubbard term modulates hybridization between the metal center's 3d states and the states of the ligand, which is small for the fluorides. The linear-response values of U 0 and the self-consistently obtained U scf are calculated for the two lowest spin states of ScF, CrF, FeF, and CuF ͑Table XI͒. The values of U for all the fluorides considered is similar, between 1.75 and 2.75 eV on average, with no discernible trend related to the occupancy of the 3d manifold, save for a slightly lower U for CuF. Such small values of U suggest that a GGA approach may already be sufficiently accurate to describe these sys- 46 cm −1 , respectively, in GGA+ U. In this case, the GGA + U properties are again in improved agreement with MRCI and also now with experiment. While the singlet-triplet ordering is correctly predicted by GGA ͑Table XIII͒, GGA + U decreases the magnitude of the splitting from 0.40 to 0.32 eV, in improved agreement with the experimental value of 0.24 eV.
The midrow transition-metal fluorides, CrF and FeF, are characterized by having similar valence electron configurations in high-spin and low-spin states that differ only by the spin-coupling of the relevant electrons. Chromium fluoride has a 6 ⌺ + ground state that has been carefully characterized experimentally. [103] [104] [105] No quartet states of CrF have thus far been characterized, but highly accurate MRCI results 95 predict a 4 ⌺ + state as the lowest quartet state of CrF. In both cases, the electronic configuration is 1 2 ␦ 2 with the difference in states derived from the spin-coupling of the molecular orbitals. Both structural and energetic differences between GGA and GGA+ U for this approach are small and they are in very good agreement with MRCI ͑Ref. 95͒ and experiment. 40 The ground state spin sextet states of iron fluoride [106] [107] [108] and the quartet states 91 have been characterized experimentally. The X 6 ⌬ and a 4 ⌬ states of FeF both have a valence electron configuration of ‫ء‬ 2 ␦ 3 . GGA correctly predicts the sextet ground state, but it predicts a sextetquartet splitting of only 0.15 eV compared to the experimental value of 0.62 eV. The hybrid functional B3LYP underestimates the sextet-quartet splitting even further and GGA+ U achieves the best density-functional result with a predicted splitting of around 0.40 eV. The structure of FeF ͑Table XII͒ is described similarly by GGA and GGA+ U.
Copper The → ‫ء‬ promotion is prohibitive, and B3LYP, GGA, and GGA+ U all correctly predict the magnitude of the singlettriplet splitting within 0.2 eV of the 1.81 eV experimental value ͑Table XIII͒, while providing reasonable structural agreement with experiment ͑Table XII͒.
Structural properties were calculated for the transitionmetal fluorides, ScF, CrF, FeF, and CuF, and are presented along with available experimental results in Table XII . 40, [89] [90] [91] [92] [93] Since the values of U scf are small, overall structural changes are also much smaller compared to the oxides. The elongation of the bonds in GGA+ U is around 0.01-0.02 Å with the largest being about 0.03 Å. The harmonic frequencies for GGA+ U are decreased with respect to the GGA values by 25 cm −1 on average. The GGA+ U bond lengths and harmonic frequencies only sometimes improve upon GGA with respect to experimental values and this suggests that for some structural properties of the fluorides a GGA approach is preferable. The dissociation energies, however, particularly for 1 ⌺ + ScF and 1 ⌺ + CuF, are reduced by 0.3-0.8 eV in improved agreement with experimental numbers. Overall, the Hubbard term plays a strong role in partitioning the occupying bonding and antibonding states in covalent molecules, but it plays a less significant role in ionic molecules where this feature is also less chemically relevant. The 1 ⌺ + ScF state has partially covalent character and it shows the most significant improvement with GGA+ U. The energetic splittings obtained with GGA+ U are, in fact, significantly improved with respect to both GGA and B3LYP ͑Table XIII͒. The GGA results are already significantly better than B3LYP, which misidentifies the ground state of ScF as 3 ⌬ and predicts the 4 ⌬ and 6 ⌬ states of FeF to be nearly degenerate. While GGA correctly predicts the ground state for all of the fluorides, the GGA+ U agreement with experiment is an improvement in all fluoride cases. Overall, GGA is typically sufficient for describing fluorides structurally, but in order to properly assign states and provide their relative energetics, a GGA+ U approach proves beneficial.
IV. CONCLUSIONS
In conclusion, we have demonstrated that a novel Hubbard U approach can greatly ameliorate the shortcomings of commonly employed functionals for transition-metal chemistry. Of the 22 diatomic molecules studied here, average errors in the state splittings of diatomic oxides and hydrides are reduced from 0.24 and 0.30 eV, respectively, to only 0.01 and 0.06 eV, with inclusion of a "+U" term ͑Table XIV͒. We also successfully assign the nature of the ground state spin and symmetry of these molecules with a GGA+ U approach. Importantly, the Hubbard U term is not used as a fitting parameter but it is a true linear-response property of the transition-metal complex which may in principle augment any exchange-correlation density-functional. The practical limitations to this approach stem from the complexity of the systems which we wish to study: evolution of the coordination environment along a global reaction coordinate may re- sult in local deviations from a globally averaged Hubbard U, bring to the forefront the role of 4s contributions, or even require consideration of a U on the 2p states of the ligand. Overall, the DFT+ U results ͑here, GGA+ U͒ have been shown to provide for systematic improvement over GGA for all systems considered thus far. The inexpensive linearresponse U calculation also acts as a probe for the relative utility of the DFT+ U approach for a given transition-metal complex; that is, if the Hubbard U calculated is small or nearly zero, a standard description may be sufficient. We believe that this work provides an excellent reference for the potential that DFT+ U can also have in describing largerscale systems with high accuracy. 
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APPENDIX: NUMERICAL STABILITY OF THE LINEAR-RESPONSE CALCULATION
In addition to calculating properties of several types of transition-metal containing diatomic molecules in order to learn more about the role the U plays on the chemical bond, these molecules also provide excellent test cases for understanding the practical limits of our approach. The technique used to determine the linear-response U for each electronic state potentially suffers from numerical instability. The calculated value of U serves as a probe to the chemical nature of the molecule and should reflect what is known about the bonding interactions in the molecule. In our approach, we calculate a response function, , of the occupations as a function of a potential shift, ␣, which is inverted to obtain the U of our system. Typically, when the manifold of interest contains nearly integer occupations, the response functions become small, nearly zero. Since U is proportional to −1 , the result diverges in these cases. An example of this problem is best manifested by the ground state of ZnH, 2 ⌺ + , which has nearly a 3d 10 configuration. The occupations are their lowest at 9.97 under significant compression of the bond but rise quickly to 9.99 at the equilibrium and asymptotically approach 10.00 as the molecule is dissociated ͑see Fig. 3͒ . Because the occupation matrix on the 3d manifold of ZnH is qualitatively as well as nearly quantitatively 3d 10 , the manifold should intuitively yield very little response.
The bare and converged response functions of the 3d manifold of ZnH were measured and are shown in Fig. 4 . Convergence criteria on total energy and diagonalization as well as higher cutoffs for the plane-wave basis set can increase the accuracy of the projections calculated from the density. However, regardless of tight convergence criteria, there will always be a small amount of scatter on the data which should in particular affect the bare response function because this property is calculated from the first selfconsistent step, the initial diagonalization of the density upon response to the potential shift, ␣. The response functions are of the order of −0.002 e − / eV for bond lengths near equilibrium. A best fit polynomial to both the bare and converged also is nearly identical for most bond lengths. However, when the two curves and data are inverted, the reciprocal of the response functions are very large, of the order of 4-5000. The small numerical noise in the two response curves gives rise therefore to a large value of U of around 11 eV.
The U calculated from the data points as well as the difference of the two best fit polynomials is shown in Fig. 5 . The scatter of the data from the best fit curve demonstrates some of the error bar obtained in inverting these small numbers. In fact, the fact that the calculated U changes sign so rapidly with varying bond length hints strongly at rounding errors. Overall, the best approximation we can make on the true U of the system is that the U is zero. Great care must be made in assessing the actual size of response functions, those less than 0.01-0.1, while still derived from the physical system's properties, are unlikely to yield numerically robust U values upon inversion.
